Through biological flume experiments, we studied the effect of shear velocity and attachment period on the percent detachment of Pecten maximus post-larvae of different sizes reared on two experimental diets. The first diet, (Pavlova lutheri, Isochrysis galbana, Chaetoceros calcitrans), which served as a reference diet (PTC), is commonly used in bivalve hatcheries; the second is the PTC diet with the addition of Rhodomonas salina (PTCR). Our results indicate that the detachment of postlarvae fed PTCR diet showed significant interactions between scallop length, attachment period and shear stress, while the post-larvae feed with the PTC diet showed only effect of shear stress factor. Furthermore, post-larvae exposed to various flume velocities showed different percentages of detachment according to diet (PTC = 36% and PTCR = 57%) for flow velocities between 1.42 to 2.45 cm s − 1 after 12 h attachment periods. This result could be related to differences in the biochemical composition of post-larvae as discussed.
Introduction
The life cycle of most benthic marine invertebrates involves a planktonic phase during which dispersal occurs and a critical phase at the water-substratum interface, within the benthic boundary layer (BBL) , where habitat quality is tested prior to settlement and post-larval/juvenile development (Thorson, 1950; Pechenik, 1990; Tremblay et al., 2007a) . Settlement of competent larvae is influenced by several factors, including water flow and a variety of biological, chemical and physical cues (Crisp, 1974; Pawlik, 1992; Qian, 1999; Hadfield et al., 2001; Bishop et al., 2006; Larsson and Jonsson, 2006; Mesías-Gansbiller et al., 2008; Pechenik, 2006; Thiyagarajan, 2010; Andersen et al., 2011; Magnesen et al. 2012) . The settlement ability of several bivalves is related to the secretion of byssal threads promoting attachment. The Pectinidae foot is small compared to that of Mytilidae; however, it may be more or less developed depending on adult behaviors and the importance of the byssal gland in different species (Mahéo, 1968; Gruffyd et al., 1979) . Most scallops begin their post-larval life as byssally attached individuals, but several Pectinid species cease to secrete byssus some months after metamorphosis and start a free-living life on the seabed (Cady, 1972; Minchin, 1992) . Prior to settlement, the foot extends from the byssal notch in the shell and explores the surrounding substrates. It then presses against a substrate and several minutes later (4-10 minutes in Chlamys varia), the foot retracts leaving a filament that fixes the animal to the substrate (Cragg and Crisp, 1991) . Pectinid byssus is formed from a base from which 30-50 thick fibrous ribbons extend that are secreted by the primary byssus gland (Gruffyd et al., 1979) . Byssal production entails a significant metabolic cost that has been estimated in Mytilus edulis mussels at 8% of an individual's monthly energy expenditure (Hawkins and Bayne, 1985) . In Chlamys islandica scallops, byssus secretion represents 4 to 14% of the energy budget related to somatic production (Vahl, 1981) . Considering this evidence, we hypothesized that attachment ability of post-larvae should be related to the energetic reserves accumulated. However, to our knowledge, no information is available to confirm or reject this hypothesis.
Many factors influence byssus production in scallops. For example, the rate of byssus production increases with temperature (Paul, 1980; Rupp and Parsons, 2004) but decreases with body size (Caddy, 1972; Culver et al., 2006) and with salinity (Christophersen and Strand, 2003; Rupp and Parsons, 2004) . Although some field observations indicate that byssal attachment of post-larval and juvenile scallops may be controlled by current velocities, few experimental data are available. Focusing on Argopecten irradians, Eckman (1987) demonstrated that the survival of young recruits was low in areas of high flow, suggesting that byssal attachments to eelgrass blades were broken at high flows.
In this set of experiments, we examined the role of hydrodynamics (shear stress) on the level of detachment of different-sized Pecten maximus scallop post-larvae that had been fed different diets during the larval phase. To our knowledge, our study is the first to test the effects of both diet and hydrodynamic conditions on the attachment capacity of Pecten maximus post-larvae. Our specific goals were (1) to measure the effect of different flow conditions on the detachment of post-larvae, (2) to measure the impact of post-larvae size and attachment duration on detachment level and (3) to assess the potential role of diet on the attachment ability of scallop post-larvae.
Material and methods

Larval rearing
Details about the rearing procedure and experimental design are presented in Gagné et al. (2010) showing larval, settlement and post-larval success in relation to two diets. Briefly, in 2006 Pecten maximus larvae were reared in batch system with two nutritional treatments in triplicate 150 l cylindrical-conical tanks at an initial density of 8 larvae µl -1 at 20°C in filtered (1 μm) seawater treated with UV and mixed with aeration. Bacterial growth was limited by the addition of the antibiotic thiamphenicol at 8 ppm until metamorphosis. The first experimental diet, PTC, was a mix of similar volumes of Pavlova lutheri (P), Isochrysis galbana clone Tahitian (T) and Chaetoceros calcitrans (C); the second, PTCR, was the standard PTC diet plus the microalga Rhodomonas salina (R). PTC is a reference diet commonly used in bivalve hatcheries (Delaunay et al., 1993; Andersen et al., 2011) . Larvae were fed daily with 15 cells µl -1 of each algal species as previously described and tested (Tremblay et al., 2007b; Gagné et al., 2010) . At the beginning of settlement (27 days post-fertilization), which was verified by the appearance of eyespots and -double-ring‖ shell edges in more than 50% of the larvae, post-larvae were collected on a 150 μm mesh screen. The post-larvae were then maintained in two nutritional treatments in duplicate 130 μm mesh screen downwelling tanks supplied with pre-filtered (5 μm) and temperature controlled (≈ 15-16°C) seawater at a flow rate 100 l h -1 . The size of the downwelling tank's mesh screen size was adjusted to retain post-larvae until 68 days post-fertilization (dpf). Post-larvae were fed continuously with the same nutritional treatment (PTC and PTCR) at 2.5 x 10 9 cells day -1 . After 68 dpf, post-larvae from the two downwellers were pooled by treatment, sorted by size (< 1200 µm, 1200-1500 µm, >1500 µm) and transferred to the Station Marine de Dinard (Muséum National d'Histoire Naturelle, France) for the flume experiments. Postlarvae were kept in two 164 l aquaria (one for each diet) supplied with flowing seawater at 18°C and were fed three times a day with one of the diets (30 cells µl -1
). Post-larvae from each size class and diet were kept in individual downwellers (mesh size 500 µm) and three downwellers were kept in each aquarium.
Experimental design
To assess the influence of diet on the detachment level of post-larval to the substratum, we exposed scallops previously fed with either PTC or PTCR to various flow treatments in the racetrack HYCOBENTHOS flume at the Station Marine de Dinard. Detailed characteristics of the flume and the flow it generates can be found in Olivier (1997) and Jonsson et al. (2006) . Briefly, BBL flows were generated within the flume (total length = 6 m, width = 0.5 m) via 14 vertical PVC (polyvinylchloride) disks (0.8 m diameter) immersed in the water (z = 0.15 m) and connected to a direct-power variable speed motor by a pulley system. This rotating system generates a quasi-steady unidirectional turbulent flow at the end of the straight section (length = 3.5 m). To maximize the establishment of the BBL, we fixed a 6 mm thick roughened PVC plate to the whole straight section of the flume with alimentary silicone glue. This plate had a 5 × 5 cm hole centered along the width and located at 3.175 m from the leading edge where we could attach the test plates. Before each flume trial, seawater temperature and salinity were measured and one attachment plate was gently placed in the flume to fill the hole in the straight PVC plate and to minimize any side effects.
We tested the impact of increasing shear velocity on scallop detachment on batches of post-larvae >1500 µm that had been just fed PTC. Samples of approximately 100 postlarvae were collected and placed on a single PVC attachment plate (5 × 5 × 0.6 cm) for 30 min. Plates had previously been sanded on one side to roughen the surface and therefore facilitate larval attachment and adhesion (Olivier et al. 2000 ). Post-larvae were then exposed to three increasing flow regimes that we refer to as rapid, rapid-gradual and gradual (Fig. 1) . Each flow regime was tested three times (temporal replication). Scallop detachment was evaluated by taking a high resolution numerical picture (3008 × 2000 pixels with a Nikon TM D70, Sur Marne, France) of the attachment plate at the beginning of the trial and between each step of increasing shear velocity (cm.s -1
).
The influence of shell length, attachment period and shear velocity on detachment of post-larvae fed the two diets was tested on three size classes: <1200 µm, 1200-1500 µm and >1500 µm. Post-larvae of each diet (PTC and PTCR) and each size were placed on plate as already described for one of two attachment periods, 30 min or 12 h. The post-larvae were then exposed to shear velocities with a first phase of high shear stress followed by a second phase of maximum shear velocity ( Fig. 2 ) for a total test duration of 9 minutes. Each treatment was repeated three times ( 
Biochemical analysis
Before flume experiments, 10 000 scallops were sampled in duplicate for each analysis, which included organic matter, total lipids, proteins, carbohydrates, fatty acids and sterols. Because the number of post-larvae was limited, the three size classes were pooled for biochemical sampling. Samples for organic matter, total lipid, protein and carbohydrate analyses were kept at -80°C. For fatty acid and sterol determinations, samples were preserved in 6 ml of chloroform:methanol (2:1,v/v) and under nitrogen at -20°C. All analyses were done in less than 2 months. The organic matter was calculated as the difference between the dry matter (weight of scallops after being ground and dried at 80C for 24 h), and the ash weight determined after heating the dried scallops to 450C for 4 h. Total lipid quantification was determined from the mass obtained after lipid extraction (Bligh and Dyer 1959) . Carbohydrate and protein contents were measured colorimetrically (Lowry et al. 1951; Dubois et al. 1956 ) with a Kontron Uvikon TM 941 spectrophotometer (Bedforshire, UK).
For fatty acid characterization, lipid extracts were evaporated to dryness and recovered with three washings of 500 µl of chloroform:methanol (98:2, v/v). Neutral and polar lipids were separated by column chromatography on silica gel micro-columns (30 × 5 mm I.D., Kieselgel 70-230 mesh) using chloroform:methanol (98:2, v/v) to elute neutral lipids followed by methanol to elute polar lipids (Marty et al. 1992) . A known amount of 23:0 (internal standard) was added to each lipid fraction. Lipids were trans-esterified under nitrogen using BF 3 /CH 3 OH (12%) for 10 minutes at 100 o C. Fatty acid methyl esters (FAME) were analyzed using a gas chromatograph (HP TM 6890, Massy Cedex, France) equipped with an on-column injector, a DB-Wax (30 m × 0.25 mm; 0.25 µm film thickness) capillary column and a flame ionization detector. Hydrogen was used as the carrier gas at 2 ml min -1 . Fatty acids were identified by comparing their retention times with known standards (37 component FAME mix, PUFA-3 and menhaden oil) and quantified with tricosanoic acid (23:0).
Finally, sterol profiles were analyzed on an aliquot of the neutral lipids transesterified using sodium methoxyde (0.5 M in methanol) at ambient temperature for 90 min (Soudant et al., 1998) . Sterols were analyzed using a gas chromatograph (Chrompak TM 9002, Middelburg, The Netherlands) equipped with an on-column injector followed by a Restek Rtx65 capillary column (15 m × 0.25 mm, 0.25 µm film thickness). Hydrogen was used as the gas carrier. Sterols were identified by comparing their retention times with standards and quantified with cholestane as an internal standard.
Statistical analysis
For the experiment measuring the impact of increasing flow regime, a repeated two-way ANOVA was conducted to determine differences in post-larval detachment as a function of increasing flow regimes (rapid, rapid-gradual and gradual) and shear stress (0, 0.37, 0.44, 1.05, 1.42 and 2.45 cm s -1
). The unit of replication was the trial for each treatment (N=3). For the experiment on the influence of flow velocity, shell length and attachment time on detachment of post-larvae fed the two diets, three-way repeated ANOVAs were applied for each diet with size of post-larvae (<1200, 1200-1500, >1500 µm), attachment periods (30 min, 12 h) and shear stress (0, 1.42, 2.45 cm s -1 , three level of repeated measurements). Mauchly's test (α = 0.05) was used to assess whether datasets conformed to the sphericity assumption required for a repeated measure analysis. Diet was not included as a factor in a global statistical analysis because this treatment was not replicated. Data were arcsine square-root transformed to achieve homogeneity of variances. Residuals were screened for normality using the expected normal probability plot, and homogeneity of variance-covariance matrices was tested using the Levene test. Biochemical analyses between post-larvae fed with PTC or PTCR were compared by t-test. All analyses were carried out using SPSS TM 13.0 for Windows (Chicago, IL, USA).
Results
Flume experiments
Flow regimes (Figure 1 ) had no effect on detachment of post-larval scallops fed PTC (Fig. 3, Table 1 ). By contrast, shear stress had a strong effect on detachment of scallops: more than 65% of scallops detaching when velocity exceeded 1.42 cm s -1 (Fig.  3) . Thus, only the rapid regime was used for the second experiment measuring the effect of shear stress, scallop size and attachment period.
For post-larvae fed the PTC diet, the within-subject analysis indicated that only shear stress significantly affected the percent detachment, with no interactions with any other factors (Fig. 4, Table 2 ). The between-subject analysis revealed a significant effect of the attachment period on the percent detachment of scallops (Table 2 ) whereas size and its interaction with attachment period were not significant ( , with mean values of 36.2±15% for 12 h attachment periods and 76.1±10.5% for 30 min periods (Fig. 4) .
For post-larvae fed the PTCR diet, we noted a combined effect of shear stress, size, and attachment period on the percent detachment of scallop post-larvae (Table 2 ). Significant detachment percentages were observed at shear stress = 1.42 cm s -1 and levels were similar level at 2.45 cm s -1 , with mean values of 57.3±12.2% for 12 h attachment periods and 84.9±9.3% for 30 min periods (Fig. 4) .
Biochemical measures
Organic matter, protein and carbohydrate concentrations in scallops fed PTC were similar to those of post-larvae fed PTCR at the onset of the flume experiment (Table 3) . However, lipid levels in scallops fed PTCR was slightly but significantly lower (P=0.049) than that of animals fed PTC (Table 3 ). The higher level of lipid in post-larvae fed PTC was reflected by higher levels of total fatty acid in the neutral and polar fractions of lipids (Table 4 ) and in the sterol classes (Table 5 ). In relative concentrations of fatty acids measured between post-larvae fed either diet, we observed significant differences only in the neutral fraction. Level of AA was higher in scallops fed PTCR than those fed PTC. Inverse was observed with EPA, as scallops fed PTC showed higher level of EPA than those fed PTCR (Table 4) . Furthermore, we observed some differences in sterol composition (see t-test results in Table 5 ). Scallops fed the PTC diet showed higher levels of cholesterol, campesterol and β-sitosterol than scallops fed PTCR (Table 5) . Only brassicasterol was higher in post-larvae fed PTCR compared to those fed PTC (Table 5 ).
Discussion
We observed that the critical shear velocity needed to detach P. maximus post-larvae was about 1.42 cm s -1 , at which point about 80% of the individuals detached when the attachment period had been only 30 min. No effect of shell length was observed for the size classes tested. When post-larvae were allowed to settle for 12 h, the detachment percentage at 1.42 cm s -1 significantly decreased to less than 60%, especially for postlarvae fed the PTC diet: these scallops had a mean detachment level of only 36.2±15%.
Shear velocity
In our experiment, shear velocity affected the percent detachment of P. maximus fed the two experimental diets. The detachment of post-larval scallops was high with shear stress greater than 1.42 cm s -1 irrespective of scallop size. Thus, for each diet, the detachment level is generally similar between shear velocity of 1.42 and 2.45 cm s -1 for all size of post-larvae and attachment period measured. This similarity in detachment levels with an important shear velocity increase could be explained by an increase in byssal thread production in reaction to the flow velocity increment. Many studies have investigated the effect of flow velocity on attachment strength via mucus threads-a few have been on polychaetes (Olivier and Retière, 2006) , but most have considered blue mussels from the Mytilus genus. The number of byssal threads and the strength of byssus attachment have been found to be significantly affected by flow velocity (Dolmer and Svane, 1994) . It has been generally assumed that mussels increase their thread production following periods of increased wave action (Carrington, 2002; Moeser et al., 2004; and turbulence (Lachance et al., 2008) . However, observed that increased flow generated in a flume consistently reducing thread production of mussels. Flow velocity can influence the settlement of many invertebrate taxa. Mullineaux and Garland (1993) investigated the effect of boundary-layer flows on the settlement of several common encrusting species including the hydroid Tubularia crocea, the bryozoans Bugula turrita and Schizoporella unicornis, and the tube-building polychaete Hydroides dianthus. Settlement responses to flow were strongly species-specific, with T. crocea selecting regions of both high turbulence and strong shear stress, and S. unicornis settling almost exclusively in regions of high shear stress. B. turrita settled most prominently in regions of reduced shear stress, exhibiting settlement patterns that closely approximated predictions from a passive particle model. H. dianthus showed a moderate avoidance of regions with high shear stress.
Diet
Effect of factors influencing detachment of post-larvae scallop was different depending to diet. For post-larvae fed PTC diet, analysis indicated that only shear stress significantly affected detachment. For post-larvae fed the PTCR diet, results showed significant interaction of shear stress, size and attachment period. The detachment of scallop postlarvae exposed to unidirectional turbulent flume flows were lower in post-larvae fed with the PTC diet. Post-larvae scallop fed with PTC diet accumulated higher level of lipids. This higher level of lipids contents reflects more accumulation of energetic reserves, as sum of fatty acids in neutral fraction was higher, but also in fatty acids incorporated in cells membrane (polar fraction) and the sum of all sterol classes. These differences observed in 45 dpf post-larvae in Gagné et al. (2010) were preserved in post-larvae of 68 dpf in this experiment. Previous study suggested that energy costs for byssal thread production were relatively high with values about 8% of the mussel Mytilus edulis total energy costs as well as high proportions of the carbon (44%) and nitrogen (21%) budgets (Hawkins and Bayne, 1985) and a maximum of 14% of the energy budget of pectinid Chlamys islandica (Vahl, 1981) . The energy assimilated from available food is allocated to different metabolic functions including growth, maintenance or production of inert tissue like byssal threads (Hawkins and Bayne, 1991) . In high turbulent environment, allocation of energy to byssal thread production could be promoted to maintain animals attached. As thread production is often considered to be costly in terms of energy requirements (Pieters et al., 1980; Zardi et al., 2007) , is it not surprising that scallop post-larvae having higher lipids content still attached at higher flow. In this experience, the small size of scallop post-larvae has limited the direct measure of byssal thread production and attachment strength has been estimated by the force due to flow. Thus, our measures report indirect information suggesting that scallop post-larvae having higher available energy reserves could produce byssal threads in larger numbers and/or in less time and/or with higher strength.
Diet affects fatty acid profiles, but only in the neutral fraction of lipids with higher accumulation of AA and lower level of EPA, in post-larvae fed PTCR. These results are related to the addition of R. salina containing higher level of AA and lower content of EPA (Soudant et al., 1998; Tremblay et al., 2007) . Contrary to Gagné et al (2010) observing similar changes in neutral and polar lipids of post-larvae fed PTCR and PTC until 45 dpf, we observe no change in polar lipids when post-larvae attained 68 dpf. These results suggest that the increase of post-larvae size could stimulate accumulation of AA in polar lipids. We observed that AA level of polar lipids was over 4.5 % of total fatty acid for the two diets and similar to higher level observed in Gagné et al. (2010) , even if neutral fraction of post-larvae fed with PTC showed only 2.2% of AA. Greater biochemical variations of specific lipids were mostly observed in sterol composition and could be related to byssal thread production. Is it known that sterol is needed for the development of bivalves, particularly in juveniles' stages (Wikfors et al., 1996; Park et al., 2002) . Since the mollusks have a limited capacity for sterol biosynthesis (Goad, 1981) , the presence of different phytosterols in post-larvae reflect the variety of phytoplankton food sources and may also be regarded as an indication of the complex metabolic transformations undergone after ingestion (Knauer, 1998) . The best compromise between larval growth and settlement rates was observed with a diet rich in C24 ethyl sterol, β-sitosterol and stigmasterol. (Soudant et al., 1998) . From these three sterol group, only β-sitosterol was higher in post-larvae showing higher resistance to detachment. Brassicasterol, which was the main sterol found in R. salina (Tremblay et al., 2007) , was two time higher in post-larvae fed PTCR which were less resistant to detachment.
Attachment period
Attachment period significantly affected the detachment percentage of post-larval scallops subjected to flow velocities over 1.42 cm s -1 , with the percent detachment higher following an attachment period of 30 minutes. Eckman et al. (1990) described the relationships between the duration of antennular attachment of Balanus amphitrite cyprids and forces associated with detachment, which were assessed in a small flume. Drag forces associated with detachment were significantly and positively correlated with the duration of attachment until 10 3 s. The forces associated with B. amphitrite cyprid detachment increased with the individual's time of contact with the surface for periods greater than 10 3 s. This time dependence may be caused by the continuous formation of both chemical bonds between the proteinaceous adhesive and the Plexiglas substratum or perhaps by cross-links within the adhesive itself. This force-time dependence suggests that barnacle settlement intensities may vary spatially or temporally according to variations in the temporal pattern of fluid forces (Eckman et al., 1990) . We can expect similar processes of attachment force and time dependence in the field for P. maximus post-larvae.
Conclusion
In this study, we investigated the effect of flow velocity on the percent detachment of Pecten maximus larvae produced in hatchery and fed two diets. The flow velocity (shear stress) positively affected the detachment percentage of post-larvae. While it is difficult to clearly assess the impact of diet on percent detachment, our results suggest that a higher accumulation of lipids and brassicasterol enrichment of sterol negatively affect attachment strength of Pecten maximus post-larvae submitted to shear velocities under 2.45 cm s -1 . Tables   Table 1. Summary of the two-way repeated ANOVAs on the effects of increased flow regime and shear velocity on percent detachment of post-larval scallop fed PTC at 68 dpf. Bold indicates a significant effect. 
